Semiconducting transition metal dichalcogenides (TMDCs) have attracted a lot of attention recently, because of their interesting electronic, optical, and mechanical properties. Among large numbers of TMDCs, monolayer of tungsten diselenides (WSe 2 ) is of particular interest since it possesses a direct band gap and tunable charge t r a n s p o r t b e h a v i o r s , w h i c h m a k e i t s u i t a b l e f o r a v a r i e t y o f e l e c t r o n i c a n d optoelectronic applications. Direct synthesis of large domains of monolayer WSe 2 and their growth mechanism studies are important steps toward applications of WSe 2 .
Among various semiconducting TMDCs, MoS 2 i s t h e o n e w h i c h a t t r a c t s m o s t attention.
Growth of large crystals, continuous films, and patterned growth of MoS 2 monolayers and few layers have been reported in the past few years. 6-9, 11, 12, 17, 19-23 Moreover, field effect transistors (FETs) fabricated using both mechanically-exfoliated and vapor phase grown MoS 2 have been widely studied.
Typically, MoS 2 transistors show a n-type behavior, 10, [24] [25] [26] and in some special cases, p-type MoS 2 transistors have also been demonstrated, for example, by using high work function MoO 3-x as source and drain contacts. 27 WSe 2 is another interesting TMDC material as it exhibits unique and complementary properties to the prototype TMDC material, MoS 2 . Monolayer WSe 2 has a band gap smaller than monolayer MoS 2 (~1.65 eV for monolayer WSe 2 versus 1.8 eV for monolayer MoS 2 ), while they possess similar band gaps in bulk form (1.2 eV for both). Importantly, it has been demonstrated that transport properties of mechanically-exfoliated monolayer WSe 2 can be facilely tuned to be either p-type or ambipolar behavior, depending on the types of contact metals. 28 WSe 2 is also a material that has a high absorption coefficient in the visible to infrared range, a high quantum yield in photoluminescence (PL), and a strong spin-orbit coupling. 1, 29, 30 Taking these advantages, a variety of optoelectronic devices such as photodetectors, light-emitting diodes, and photovoltaic devices have been made using mechanically-exfoliated monolayer WSe 2 by using split gate device structures. [30] [31] [32] Another interesting property of WSe 2 is that this material holds the lowest thermal conductivity among dense solid in disordered films of layered WSe 2 crystals, which may find applications as thermoelectric materials. 33 monolayer can exhibit either p-type or ambipolar transport behavior, depending on the types of metal contacts used, suggesting the use of these CVD-grown samples for electronics and optoelectronics.
Results and Discussion
The details of our CVD process are described in the Methods. Briefly, selenium (Se) powders and WO 3 powders were used as precursors for Se and W, respectively. The temperatures and distances of these two sources were carefully controlled and adjusted. The growth substrates were silicon with 300 nm thermally-grown SiO 2 , and were placed at the position of WO 3 powders and facing down. In our experiments, several important CVD parameters were systematically studied and optimized.
Among these parameters, we found that growth temperatures and durations are the two that have very significant influence on WSe 2 growth. In this regard, the growth temperatures (the temperature of WO 3 source and growth substrates) were tuned in a wide range between 800 and 1100 C and their effects on the properties of as-grown WSe 2 were carefully studied. The effect of growth durations on the size and morphology of WSe 2 were also examined. The underlying mechanisms of how these parameters affect WSe 2 growth were discussed. showing good agreement with other recent reports about PL of monolayer WSe 2 .
1, 29-32, 34, 35 We found that PL is a more sensitive tool than Raman to reveal the fine structure information of as-grown samples, because certain difference in PL intensity and peak positions can be found at different sample locations, as shown in Figure 1e and PL intensity map in Figure 1g . Similar non-uniform PL intensity map of vapor phase grown WSe 2 can also be seen in some recent papers. 5, 21, 29 T h e r e a r e s ev e r al underlying mechanisms which may lead to the observed non-uniformity in PL, including strain, structural defects, doping, surface absorbates, etc. 41 Since Raman spectra of WSe 2 is sensitive to the doping and strain of the materials, 4 34 We characterized charge transport properties of our CVD-grown WSe 2 , and showed that their transport We expect that the contact property was mainly determined by Pd or Au, not by the adhesion Ti layer. Schematic of a back gated CVD WSe 2 device is shown in Figure 2a and an optical microscopy image of a WSe 2 transistor is shown in Figure 2b . Figure   2c shows the transfer curves (I ds -V gs ) of a typical Pd/Ti (50 nm/1 nm) contacted device, which exhibits unipolar p-type behavior, as can be seen from the semi-log scale plot (black curve in Figure 2c) . As a comparison, Figure 2d is the transfer curves of a typical Au/Ti (50 nm/1 nm) contacted device, which exhibits ambipolar behavior with comparable conductance at p and n-branches. The devices contacted using Ti/Au In our experiments, we found that many growth parameters have influence on the growth behavior of WSe 2 , including yield, flake size, number of layers, and shapes of as-grown WSe 2 . After a systematical exploration of a broad parameter space, we found that among all parameters, growth temperature is the most significant one. We first studied how growth temperature affects the properties of WSe 2 flakes. Shape is an important merit for 2D materials as it is related to their detailed atomic edge structures, which is determined by edge energetics at specific conditions. The effects of edge structures on the electronic, magnetic, and catalytic properties of 2D materials including graphene and TMDCs are expected. 46 Here we used AFM to study the shapes of as-grown WSe 2 flakes at different temperatures and to understand how the shape evolves with changing growth temperatures. temperatures, the amount of source materials sublimated will be very few and thus the concentrations of reactants will be low. In addition, low temperature will lead to less mobile active reactants, which make them difficult to diffuse over growth substrate and difficult to add at the growing edges of 2D flakes. Instead, it is energetically preferable to grow into three dimensional structures to compensate the low mobile nature of the active species. This point is supported by our experiments that low temperature (800 C) growth produces particle-like products. On the other hand, when the growth temperature is too high, the concentrations of reactants will be overly high, which may lead to fast growth of thick samples. This speculation is supported by our observation that high temperature growth experiments typically produce samples with greater thickness and flake sizes (Figures 3 and 4) . It is also possible that monolayer (Figure 4c-4f) . At sufficiently high growth temperatures, it is even possible that some low temperature prohibited reactions may be activated.
Overall, these analyses can qualitatively explain the experimental trends we shown in Figures 3 and 4 .
Growth of large size domains is an important topic in 2D material synthesis, including graphene, hexagonal boron nitride, and TMDCs. Typically, the nucleation density should be low and a long growth time is necessary to produce large domains of 2D materials. 47, 48 Here, we studied the effects of growth durations on the sizes and other properties of WSe 2 at a growth temperature of 950 C, as this temperature is suitable to grow solely WSe 2 monolayers. However, there is one key difference between CVD growth of WSe 2 (also other TMDCs) and graphene. In WSe 2 growth, we find that the flakes sizes stop increasing after a relative short growth period of ~15 min, which is different with graphene growth since graphene can keep growing for as long as many hours. 47 
Conclusions
In summary, we report CVD growth of 2D These results point out the potential of using these CVD-grown monolayer WSe 2 materials for electronics and optoelectronics with tunable properties.
Methods
CVD growth of monolayer and few layer WSe 2 . We used a three zone furnace for CVD growth of WSe 2 . A schematic of our CVD set up is shown in Figure S3 in the Supporting Information. Specifically, Se powders (440 mg, 99.5%, Sigma Aldrich)
were put in the first zone at upstream, and WO 3 powders (260 mg, 99.9%, Sigma Aldrich) were put in the third zone. The distance between the two sources was tuned and optimized at a long distance of 55 cm. We speculate that via transport through such a long distance, the concentrations of Se will be relatively uniform along length scale of a growth substrate (~2 cm), which would be benefit to the growth of uniform 
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